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Background of the Invention 
5 The present invention relates to a process 

control technique and, more particularly, to a feedback 
control method and feedback control device which perform 
disturbance recovery control by giving a manipulated 
variable to a controlled system so as to make the 

10 controlled variable recover to the set point at the time 
of application of a disturbance. 

Conventionally, PID control has been known as 
a highly practical general control theory. As an 
advanced control theory like modern control theory, for 

15 example, simple adaptive control (SAC) has been known. 
According to either of the control theories, a 
manipulated variable MV is output as a control 
computation result to a controlled system so as to make 
a controlled variable PV recover to a set point SP at 

20 the time of application of a disturbance, and control 

computation is performed on the basis of a deviation Er 
between the controlled variable PV and the set point SP. 

General PID control is a linear control 
theory, and is a control theory based on the assumption 

25 that a control system including a controlled system 
becomes a linear system. In practice, however, a 
controlled system does not have linearity in a strict 
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sense, and PID control can tolerate slight nonllnearity . 
For example, heating by a halogen lamp in a RTP (Rapid 
Thermal Process) used in a semiconductor manufacturing 
apparatus is a system with strong nonllnearity to which 
5 PID control cannot be simply applied* In this case, 

even PID control can be used if only the stability of a 
control system is to be pursued. However, PID control 
cannot cope with operation under the condition that a 
fast temperature rise and a response waveform with a 

10 little overshoot are required as in an RTP. 

Assume that the nonllnearity of a control 
system can be approximated by a characteristic curve K 
shown in Fig. 14. In this case, when the controlled 
variable PV is to be made to recover to the set point SP 

15 with a fast temperature rise (fast disturbance recovery) 
at the time of application of a temperature-decreasing 
disturbance, the manipulated variable MV (heating 
output) becomes 100% at the time point when the 
deviation Er between the set point SP and the controlled 

20 variable PV is large. As a consequence, an average 

process gain characteristic curve has a large gradient 
as indicated by "Kavl" in Fig. 14. As the temperature 
rises and the deviation Er decreases, the manipulated 
variable MV decreases to, for example, about 20%. In 

25 this case, an average process gain characteristic curve 
becomes another characteristic curve having a small 
gradient as indicated by "Kav2'' in Fig. 14. 
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When the PID parameters of a PID controller 
are adjusted In conformity with specifications for fast 
disturbance recovery, and the PID controller is applied 
to a strong nonlinearity system like that shown in 
5 Fig. 14, a temperature rise curve (disturbance recovery 
waveform) becomes like a curve PV in Fig. 15. That is, 
in the first half period of response, overshoot occurs 
in the controlled variable PV as in a case wherein a 
controlled system with an excessively large process gain 

10 is controlled, whereas in the second half period of 
response, control operation occurs such that the 
controlled variable PV follows up to the set point SP at 
extremely low speed as in a case wherein a controlled 
system with an excessively small process gain is 

15 controlled. As a result, a temperature rise curve like 
that shown in Fig. 15 appears. This control is not 
suitable for a controlled system for which a response 
waveform with a little overshoot is required as in the 
case of a semiconductor manufacturing apparatus. In 

20 addition, adjustment of PID parameters falls out of the 
range of a linear control theory, and hence is very 
difficult to realize. 

An advanced adaptive control theory such as 
simple adaptive control (SAC) is designed to 

25 automatically correct the internal parameters of a 

control computation unit so as to always obtain proper 
control characteristics with respect to variations in 
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the process gain characteristic of a controlled system. 
However, for proper automatic correction (adaptive 
operation) for the internal parameters, control 
computation must be performed by a sufficient number of 
5 times in a transient state. In fast disturbance 

recoveory, the time required for a temperature rise is 
about 1.0 to 1.5 sec. If, therefore, the control cycle 
is 50 msec, the number of times of control computation 
in disturbance recovery is about 20 to 30. 

10 The number of times of control computation 

allowed to follow up a change in process gain due to 
strong nonlinearity characteristics under such 
conditions is about two to three at best, as shown in 
Fig. 16B. This number of times of control computation 

15 is simply too small to make adaptive operation properly 
function. At practical level, a technique based on an 
advanced adaptive control theory can obtain the 
stability of control, in the end, at best, but cannot 
make a controlled system with strong nonlinearity 

20 characteristics smoothly achieve fast disturbance 

recovery. This technique is substantially directed to 
only ensure stability in application to not only fast 
disturbance recovery but also other operations. 
Furthermore, there are no guidelines for practical 

25 standards concerning settings of many parameters to be 
set in advance for proper adaptive operation. 

As described above, according to the 
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conventional PID control theory, proper disturbance 
recovery control cannot be realized for a controlled 
system with strong nonllnearity , and it is difficult to 
adjust PID parameters. 
5 In addition, according to an advanced adaptive 

control theory such as simple adaptive control (SAC), in 
a controlled system with strong nonlinearity 
characteristics, when the controlled variable is to be 
made to recover to the set point at high speed, since 

10 the number of times of control computation allowed is 

too small to make adaptive operation properly function, 
proper disturbance recovery control cannot be realized. 
In addition, it is difficult to adjust parameters. 
Summary of the Invention 

15 The present invention has been made to solve 

the above problems, and has its object to provide a 
feedback control method and feedback control device 
which can realize proper disturbance recovery control 
and can easily adjust parameters for the execution of 

20 proper disturbance recovery control even if a system 

with strong nonlinearity is set as a controlled system. 

According to the present invention, there is 
provided a feedback control method of performing 
disturbance recovery control by giving a manipulated 

25 variable to a controlled system so as to make a 

controlled variable recover to a set point at the time 
of application of a disturbance, comprising the step of 
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dividing a response process of disturbance recovery 
control into three stages including a follow-up phase, a 
convergence phase, and a stable phase, the first phase 
switching step of switching to the follow-up phase at a 
5 disturbance application detection time point as a start 
time point of the follow-up phase, the follow-up phase 
manipulated variable determination step of continuously 
outputting a manipulated variable which makes the 
controlled variable follow up the set point in the 

10 follow-up phase, the second phase switching step of 
switching to the convergence phase at a disturbance 
recovery control elapsed time point, as a start time 
point of the convergence phase, at which the controlled 
variable does not exceed the set point in the follow-up 

15 phase, the convergence phase manipulated variable 
determination step of continuously outputting a 
manipulated variable which makes the controlled variable 
converge near the set point in the convergence phase, 
the third phase switching step of switching to the 

20 stable phase at a time point, as a start time point of 
the stable phase, at which a preset state is reached in 
the convergence phase, and the stable phase manipulated 
variable determination step of continuously outputting a 
manipulated variable which makes the controlled variable 

25 stable at the set point in the stable phase. 

In an example of the arrangement of the 
feedback control method according to the present 
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invention, the first phase switching step comprises the 
step of setting a time point, as the start time point of 
the follow-up phase, at which it is confirmed on the 
basis of a deviation between a set point and a 
5 controlled variable that a disturbance has been applied. 

In an example of the arrangement of the 
feedback control method according to the present 
invention, the first phase switching step comprises the 
step of setting a time point, as the start time point of 

10 the follow-up phase, at which a phase switching signal 
is input from an external unit which notifies 
application of a disturbance. 

In an example of the arrangement of the 
feedback control method according to the present 

15 invention, the second phase switching step comprises the 
step of calculating a predicted value of a remaining 
time for attainment which is a time taken for a current 
controlled variable to reach the set point in the 
follow-up phase, on the basis of a deviation between the 

20 set point and the controlled variable and a controlled 
variable change ratio, and the step of setting a time 
point, as the start time point of the convergence phase, 
at which the calculated predicted value of the remaining 
time for attainment becomes smaller than a preset time 

25 index. 

In an excimple of the arrangement of the 
feedback control method according to the present 
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invention^ the third phase switching step comprises the 
step of setting a time point, as the start time point of 
the stable phase, at which a preset time index has 
elapsed. 

5 In an example of the arrangement of the 

feedback control method according to the present 
invention, the follow-up phase manipulated variable 
determination step comprises the step of continuously 
outputting a preset manipulated variable. 

10 In an example of the arrangement of the 

feedback control method according to the present 
invention, the convergence phase manipulated variable 
determination step comprises the step of continuously 
outputting a preset manipulated variable. 

15 In addition, according to the present 

invention, there is provided a feedback control device 
for dividing a response process of disturbance recovery 
control into three stages including a follow-up phase, a 
convergence phase, and a stable phase and performing 

20 disturbance recovery control by giving a manipulated 
variable to a controlled system so as to make a 
controlled variable recover to a set point at the time 
of application of a disturbance, comprising a first 
phase switching unit which switches to the follow-up 

25 phase at a disturbance application detection time point 
as a start time point of the follow-up phase, a second 
phase switching unit which switches to the convergence 
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phase at a disturbance recovery control elapsed time 
point, as a start time point of the convergence phase, 
at which the controlled variable does not exceed the set 
point in the follow-up phase, a third phase switching 
5 unit which switches to the stable phase at a time point, 
as a start time point of the stable phase, at which a 
preset state is reached in the convergence phase, a 
first manipulated variable determining unit which 
continuously outputs a manipulated variable which makes 

10 the controlled variable follow up the set point in the 
follow-up phase, a second manipulated variable 
determining unit which continuously outputs a 
manipulated variable which makes the controlled variable 
converge near the set point in the convergence phase, 

15 and a third manipulated variable determining unit 

continuously outputs a manipulated variable which makes 
the controlled variable stable at the set point in the 
stable phase. 

In an example of the arrangement of the 

20 feedback control device according to the present 

invention, the first phase switching unit sets a time 
point, as the start time point of the follow-up phase, 
at which it is confirmed on the basis of a deviation 
between a set point and a controlled variable that a 

25 disturbance has been applied. 

In an example of the arrangement of the 
feedback control device according to the present 
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invention, the first phase switching unit sets a time 
point, as the start time point of the follow-up phase, 
at which a phase switching signal is input from an 
external unit which notifies application of a 
5 disturbance. 

In an exeunple of the arrangement of the 
feedback control device according to the present 
invention, the second phase switching unit calculates a 
predicted value of a remaining time for attainment which 

10 is a time taken for a current controlled variable to 

reach the set point in the follow-up phase, on the basis 
of a deviation between the set point and the controlled 
variable and a controlled variable change ratio, and 
sets a time point, as the start time point of the 

15 convergence phase, at which the calculated predicted 
value of the remaining time for attainment becomes 
smaller than a preset time index. 

In an exeunple of the arrangement of the 
feedback control device according to the present 

20 invention, the third phase switching unit sets a time 
point, as the start time point of the stable phase, at 
which a preset time index has elapsed. 

In an example of the arrangement of the 
feedback control device according to the present 

25 invention, the manipulated variable determining unit 
continuously outputs a preset manipulated variable. 

In an example of the arrangement of the 
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feedback control device according to the present 
invention, the second manipulated variable determining 
unit continuously outputs a preset manipulated variable. 
Brief Description of Drawings 
5 Figs. lA and IB are waveform charts for 

explaining a follow-up phase, a convergence phase, and a 
stable phase in the present invention; 

Fig. 2 is a block diagram showing the 
arrangement of a feedback control device according to 
10 the first embodiment of the present invention; 

Fig. 3 is a flowchart showing the operation of 
the feedback control device in Fig. 2; 

Fig. 4 is a waveform chart for explaining 
switching from the stable phase to the follow-up phase 
15 and switching from the follow-up phase to the 
convergence phase; 

Fig. 5 is a waveform chart for explaining 
switching from the stable phase to the follow-up phase 
and switching from the follow-up phase to the 
20 convergence phase; 

Fig. 6 is a waveform chart for explaining 
switching from the convergence phase to the stable 
phase; 

Fig. 7 is a view for explaining a manipulated 
25 variable determination step in the follow-up phase; 

Fig. 8 is a view for explaining a manipulated 
variable determination step in the follow-up phase; 
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Figs. 9A and 9B are waveform charts showing 
the operation of the feedback control device according 
to the first embodiment of the present invention; 

Fig. 10 is a waveform chart for explaining a 
5 method of adjusting a deviation index in the first 
embodiment of the present invention; 

Fig. 11 is a waveform chart for explaining a 
method of adjusting a manipulated variable output value 
from a second manipulated variable determining unit in 
10 the first embodiment of the present invention; 

Figs. 12A and 12B are timing charts showing 
the operation of a feedback control device according to 
the second embodiment of the present invention; 

Figs. 13A and 13B are timing charts showing 
15 the operation of a feedback control device according to 
the third embodiment of the present invention; 

Fig. 14 is a graph showing an example of the 
process gain characteristic of a strong nonlinearity 
system; 

20 Fig. 15 is a chart showing an example of the 

disturbance recovery response of a strong nonlinearity 
system by PID control; and 

Figs. 16A and 16B are waveform charts for 
explaining problems in an advanced adaptive control 

25 theory such as simple adaptive control (SAC). 
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Detailed Description of Embodiments 
[First Embodiment] 

The first embodiment of the present invention 
will be described in detail below with reference to the 
5 accompanying drawings. In this embodiment, the response 
process of disturbance recovery control accompanying the 
application of a disturbance is divided into three 
stages of phases (a follow-up phase, a convergence 
phase, and a stable phase). A proper, simple 

10 manipulated variable output sequence is assigned to each 
phase, and a series of phases are combined to forcibly 
and directly shape the response waveform of disturbance 
recovery control. 

Figs. lA and IB are waveform charts for 

15 explaining a follow-up phase, convergence phase, and 
stable phase in this embodiment. Fig. lA is a chart 
showing changes in controlled variable PV (response 
waveform). Fig. IB is a chart showing changes in 
manipulated variable MV. The symbol "O" in Fig. IB 

20 indicates the manipulated variable MV output in each 
control cycle dt. 

First of all, in a response process, the 
interval from a time point tl at which the application 
of a disturbance is detected to a specific disturbance 

25 recovery control elapsed time point t2 at which the 

controlled variable PV does not exceed a set point SP is 
defined as a follow-up phase. In the follow-up phase. 
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the response waveform of disturbance recovery control is 
not disturbed, and the manipulated variable MV which 
makes the controlled variable PV follow up the set point 
SP is continuously output. 
5 The interval from the specific disturbance 

recovery control elapsed time point t2 to a time point 
t3 at which a pre-designated state is reached is defined 
as a convergence phase. In the convergence phase, the 
response waveform of disturbance recovery control is not 

10 disturbed, and the manipulated variable MV which makes 
the controlled variable PV converge near the set point 
SP is continuously output. The time after the time 
point t3 at which the pre-designated state is reached is 
defined as a stable phase. In the stable phase, the 

15 manipulated variable MV which makes the controlled 

variable PV stable at the set point SP is continuously 
output . 

Fig. 2 is a block diagreun showing the 
arrangement of a feedback control device according to 

20 this embodiment. The feedback control device according 
to this embodiment includes a set value input unit 1 
which inputs the set point SP set by the operator of the 
- control device, a controlled variable input unit 2 which 
inputs the controlled variable PV detected by a sensor 

25 (not shown), a first phase switching unit 3 which 
switches to a follow-up phase at a disturbance 
application detection time point as the start time point 
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tl of the follow-up phase, a second phase switching unit 
4 which switches to a convergence phase at a specific 
disturbance recovery control elapsed time point, at 
which the controlled variable PV does not exceed the set 
5 point SP in the follow-up phase, as the start time point 
t2 of the convergence phase, a third phase switching 
unit 5 which switches to a stable phase at a time point 
at which a preset state is reached in the convergence 
phase as the start time point t3 of the stable phase, a 

10 first manipulated variable determining unit 6 which 

continuously outputs the manipulated variable MV which 
makes the controlled variable PV follow up the set point 
SP in the follow-up phase, a second manipulated variable 
determining unit 7 which continuously outputs the 

15 manipulated variable MV which makes the controlled 
variable PV converge near the set point SP in the 
convergence phase, a third manipulated variable 
determining unit 8 which continuously outputs the 
manipulated variable MV which makes the controlled 

20 variable PV stable at the set point SP in the stable 
phase, and a manipulated variable output unit 9 which 
outputs to a controlled system (not shown) the 
manipulated variable MV determined in accordance with 
each phase . 

25 Fig. 3 is a flowchart showing the operation of 

the feedback control device in Fig. 2. The set point SP 
is set by the operator of the control device and is 
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input to the first phase switching unit 3, second phase 
switching unit 4, third phase switching unit 5, first 
manipulated variable determining unit 6, second 
manipulated variable determining unit 7, and third 
5 manipulated variable determining unit 8 through the set 
value input unit 1 . 

The controlled variable PV for the controlled 
system is detected by the sensor (not shown) and is 
input to the first phase switching unit 3, second phase 

10 switching unit A, third phase switching unit 5, first 
manipulated variable determining unit 6, second 
manipulated variable determining unit 7, and third 
manipulated variable determining unit 8 through the 
controlled variable input unit 2 . 

15 In the initial state, a stable phase is 

selected. That is, at the start of control, the first 
phase switching unit 3 determines whether or not the 
current time point is the start time point tl of a 
follow-up phase (step 101 in Fig. 3). If it is 

20 determined that the current time point is not the start 
time point tl, the flow advances to step 107 to maintain 
the stable phase without performing phase switching. In 
the stable phase, the third manipulated variable 
determining unit 8 outputs the manipulated variable MV 

25 specified in advance, and the manipulated variable 

output unit 9 outputs the manipulated variable, output 
from the third manipulated variable determining unit 8, 
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to the controlled system (step 107). 

If It Is determined In step 101 that the 
current time point Is the start time point tl of a 
follow-up phase, the first phase switching unit 3 
5 switches from the stable phase to the follow-up phase, 
and notifies the second phase switching unit 4, third 
phase switching unit 5, and first manipulated variable 
determining unit 6 of the switching to the follow-up 
phase. In the follow-up phase, the first manipulated 

10 variable determining unit 6 outputs the manipulated 

variable MV specified In advance, and the manipulated 
variable output unit 9 outputs the manipulated variable, 
output from the first manipulated variable determining 
unit 6, to the controlled system (step 102). 

15 When the stable phase Is switched to the 

follow-up phase, the second phase switching unit 4 
determines whether or not the current time point Is the 
start time point t2 of a convergence phase (step 103). 
If It Is determined that the current time point Is not 

20 the start time point t2, the flow returns to step 102 to 
maintain the follow-up phase without performing phase 
switching. 

If It Is determined In step 103 that the 
current time point Is the start time point t2 of a 
25 convergence phase, the second phase switching unit 4 
switches from the follow-up phase to the convergence 
phase, and notifies the first phase switching unit 3, 
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third phase switching unit 5, and second manipulated 
variable determining unit 7 of the switching to the 
convergence phase. In the convergence phase, the second 
manipulated variable determining unit 7 outputs the 
5 manipulated variable MV specified in advance, and the 
manipulated variable output unit 9 outputs the 
manipulated variable, output from the second manipulated 
variable determining unit 7 , to the controlled system 
(step 104) . 

10 When the follow-up phase is switched to the 

convergence phase, the first phase switching unit 3 
determines whether or not the current time point is the 
start time point tl of the follow-up phase (step 105). 
If it is determined that the current time point is the 

15 start time point tl of the follow-up phase, the flow 
advances to step 102 to switch from the convergence 
phase to the follow-up phase, and notifies the second 
phase switching unit 4, third phase switching unit 5, 
and first manipulated variable determining unit 6 of the 

20 switching to the follow-up phase. If the first phase 

switching unit 3 determines that the current time point 
is not the start time point tl, the flow advances to 
step 106 to maintain the convergence phase without 
performing phase switching. 

25 The third phase switching unit 5 determines 

whether or not the current time point is the start time 
point t3 of a stable phase (step 106). If it is 
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determined that the current time point is not the start 
time point t3, the flow returns to step 104 to maintain 
the convergence phase without performing phase 
switching. 

5 If it is determined in step 106 that the 

current time point is the start time point t3 of the 
stable phase, the third phase switching unit 5 switches 
from the convergence phase to the stable phase, and 
notifies the first phase switching unit 3, second phase 

10 switching unit 4, and third manipulated variable 

determining unit 8 of the switching to the stable phase. 
The processing in step 107 is the same as that described 
above. The above processing in steps 101 to 107 is 
repeated for each control cycle dt until the control 

15 device is stopped by a command from an operator or the 
like (YES in step 108). 

Phase switching will be described in more 
detail below. Figs. 4 and 5 are waveform charts for 
explaining switching from a stable phase to a follow-up 

20 phase and switching from a follow-up phase to a 

convergence phase. There are two methods of determining 
whether to switch from a stable phase to a follow-up 
phase. According to one determination method, the first 
phase switching unit 3 determines, as the follow-up 

25 phase start time point (disturbance application 

detection time point) tl, a time point at which a 
deviation Er between the set point SP and the controlled 
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variable PV exceeds a preset deviation index Es in a 
state wherein the controlled variable PV is stable near 
the set point SP (in the state of a stable phase), and 
switches from the stable phase to the follow-up phase 
5 (Fig. 4). 

According to the other determination method, 
the first phase switching unit 3 determines, as the 
start time point tl of a follow-up phase, a time point 
at which a phase switching signal is input from an 

10 external device which notifies the application of a 

disturbance, and switches from the stable phase to the 
follow-up phase. 

There are also two methods of determining 
whether to switch from a follow-up phase to a 

15 convergence phase. According to one determination 

method, the second phase switching unit 4 determines, as 
the convergence phase start time point (specific 
disturbance recovery control elapsed time point) t2, a 
time point at which the deviation Er between the set 

20 point SP and the controlled variable PV becomes smaller 
than a preset deviation index Ex, and switches from the 
follow-up phase to the convergence phase (Fig. 4). 

According to the other determination method, 
the second phase switching unit 4 calculates a predicted 

25 value Tr of the remaining time until the controlled 
variable PV reaches the set point SP in the current 
control cycle according to Tr = Er/Apv on the basis of 
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the deviation Er between the set point SP and the 
controlled variable PV and a change ratio Apv of the 
controlled variable PV. The second phase switching unit 
4 then determines, as the convergence phase start time 
5 point (specific disturbance recovery control elapsed 
time point) t2, a time point at which the calculated 
predicted value Tr of the remaining time for attainment 
becomes smaller than a preset time index Tx, and 
switches from the follow-up phase to the convergence 

10 phase (Fig. 5). 

Fig. 6 is a waveform chart for explaining 
switching from a convergence phase to a stable phase. 
The third phase switching unit 5 determines, as a stable 
phase start time point (a time point at which a 

15 pre-designates state is reached) t3, a time point at 

which a preset time index Tc has elapsed since the start 
time point t2 of the convergence phase, and switches 
from the convergence phase to the stable phase. 

A manipulated variable determination step in 

20 each phase will be described next. There are three 

kinds of manipulated variable determination steps in a 
follow-up phase. According to the first sequence, the 
first manipulated variable determining unit 6 
continuously outputs a preset manipulated variable MVl. 

25 According to the second sequence, the first 

manipulated variable determining unit 6 performs time 
delay filter processing of the preset manipulated 
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variable MVl, and continuously outputs a resultant value 
MVf . That is, in the second sequence, the manipulated 
variable MVl is processed through a time delay filter 
like that shown in Fig. 7, and the resultant manipulated 
5 variable MVf is given to the controlled system. 

According to third sequence, the first 
manipulated variable determining unit 6 continuously 
outputs a manipulated variable MVc calculated by a PID 
control algorithm (including P, PD, and PI control) that 

10 attaches importance to quick control response. That is, 
in the third sequence, the manipulated variable MVc is 
calculated by a PID control system like that shown in 
Fig. 8 from the deviation Er, and is given to the 
controlled system. 

15 In a convergence phase, the second manipulated 

variable determining unit 7 continuously outputs a 
preset manipulated variable MV2. In a stable phase, the 
third manipulated variable determining unit 8 
continuously outputs a manipulated variable MVd 

20 calculated by a PID control algorithm (including P, PD, 
and PI control) that attaches importance to the 
stability of control. That is, the third manipulated 
variable determining unit 8 calculates the manipulated 
variable MVd from the deviation Er by using a PID 

25 control system like that shown in Fig. 8, and gives it 
to the controlled system. 

In this embodiment, as described above, it is 
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an important aspect that the response process of 
disturbance recovery control Is divided Into three 
stages of phases (a follow-up phase, a convergence 
phase, and a stable phase). When, for example, 
5 disturbance recovery control is to be performed for a 

controlled system with strong nonlinearity so as to make 
the controlled variable PV recover to the set point SP 
at the time of the application of a disturbance, the 
average process gain characteristic of the controlled 

10 system in a stage corresponding to a follow-up phase 

greatly differs from that in a stage corresponding to a 
stable phase. 

In this case, if the follow-up phase and 
stable phase are to be controlled by a control technique 

15 based on the same characteristics, control 

characteristics suitable for the follow-up phase are 
unsuitable for the stable phase, and vice versa. For 
example, in fast disturbance recovery in temperature 
control, since characteristics abruptly switch between a 

20 follow-up phase and a stable phase, the control response 
waveform is disturbed before and after the switching 
time point. That is, not only control characteristics 
deteriorate in either a follow-up phase or a stable 
phase, but also a noticeable disturbance of the control 

25 response waveform appears in an intermediate stage 
between the two phases. 

This embodiment is configured to perform 
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control by the technique of giving different control 
characteristics to a follow-up phase and stable phase. 
In addition, a convergence phase Is provided to perform 
control by giving different control characteristics so 
5 as to prevent the control response waveform from being 
disturbed before and after the switching time point 
between a follow-up phase and a stable phase. 

In a follow-up phase, first of all, the 
manipulated variable MV aimed at only making the 

10 controlled variable PV follow up the set point SP is 
output. In the convergence phase, the manipulated 
variable MV aimed at only making the controlled variable 
PV converge near the set point SP is output to shift 
from the follow-up phase to the stable phase. Finally, 

15 in the stable phase, the manipulated variable MV aimed 
at only stabilizing the controlled variable PV at the 
set point SP is output. 

In this embodiment, since the control 
characteristics for a follow-up phase, convergence 

20 phase, and stable phase can be independently adjusted, 
parameters can be easily adjusted in accordance with an 
actual target. In disturbance recovery control, in 
particular, the response waveform of disturbance 
recovery control can be forcibly and directly shaped by 

25 adjusting the switching time point between a follow-up 
phase and a convergence phase and adjusting the 
manipulated variable MV in the convergence phase. This 
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makes it possible to realize smooth disturbance recovery 
control . 

More specific operation of this embodiment 
will be described next by exemplifying a case wherein 
5 the feedback control device shown in Fig. 2 is applied 
to fast disturbance recovery control. Figs. 9A and 9B 
are waveform charts showing the operation of the 
feedback control device according to this embodiment. 
Fig. 9A is a chart showing changes in controlled 

10 variable PV. Fig. 9B is a chart showing changes in 
manipulated variable MV. As described above, the 
processing in steps 101 to 108 in Fig. 3 is performed in 
each control cycle dt. The symbol "O" in Fig. 9B 
indicates the manipulated variable MV output in each 

15 control cycle dt. 

In this embodiment, a switching time point 
(disturbance application detection time point) tl from a 
stable phase to a follow-up phase is a time point at 
which the deviation Er between the set point SP and the 

20 controlled variable PV exceeds the preset deviation 

index Es in a state wherein the controlled variable PV 
is stable near the set point SP (the state of the stable 
phase). A switching time point (specific disturbance 
recovery control elapsed time point) t2 from a follow-up 

25 phase to a convergence phase is a time point at which 
the deviation Er between the set point SP and the 
controlled variable PV becomes smaller than the preset 
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deviation Index Ex. A switching time point (a time 
point at which a pre-designated state is reached) t3 
from a convergence phase to a stable phase is a time 
point at which the preset time index Tc has elapsed. 
5 In this embodiment, the step of determining 

the manipulated variable MV in a follow-up phase is the 
step of continuously outputting the preset manipulated 
variable MVl . The step of determining the manipulated 
variable MV in a convergence phase is the step of 

10 continuously outputting the preset manipulated variable 
MV2. The step of determining the manipulated variable 
MV in a stable phase is the step of continuously 
outputting the manipulated variable MVd calculated by a 
PID control algorithm that attaches importance to the 

15 stability of control. 

In this embodiment , a pareimeter which 
indicates a phase is represented by F; F = 1, F= 2, and 
F = 3 indicate a follow-up phase, convergence phase, and 
stable phase, respectively. Assume that a set point in 

20 a current control cycle n is represented by Sp(n); a 
controlled variable in the control cycle n, PV(n); a 
manipulated variable in the control cycle n, MV(n); and 
a control deviation in the control cycle n, Er(n). 

Assume that in step 101 or 105 in Fig. 3, the 

25 deviation Er(n) in the current control cycle n is larger 
than the preset deviation index Es, and a deviation 
Er(n - 1) in an immediately preceding control cycle is 
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smaller than the deviation index Es . In this case, the 
first phase switching unit 3 sets the parameter F 
indicating a phase to F = 1 (follow-up phase), and 
outputs F = 1 to the second phase switching unit 4 , 
5 third phase switching unit 5, and first manipulated 
variable determining unit 6. That is, the first phase 
switching unit 3 performs the following processing. 

if Er(n) > Es and Er(n - 1) < Es then F ^ 1 ...(1) 
Note that when receiving a notification of 

10 F = 2 or F = 3 from the second phase switching unit 4 or 
third phase switching unit 5, the first phase switching 
unit 3 changes the value of the parameter F output to 
the first manipulated variable determining unit 6 to the 
notified value, i.e., F=2orF=3. 

15 The manipulated variable MVl in a follow-up 

phase is set in advance in the first manipulated 
variable determining unit 6. The first manipulated 
variable determining unit 6 outputs the preset 
manipulated variable MVl as the manipulated variable 

20 MV(n) when the value of the parameter F output from the 
first phase switching unit 3 is F = 1 (step 102 in 
Fig. 3; Fig. 93). That is, the first manipulated 
variable determining unit 6 performs the following 
processing. 

25 if F = 1 then MV(n) ^ MVl ...(2) 

It suffices if the manipulated variable MVl is 
set to make the controlled variable PV recover to the 
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set point SP with a desired follow-up characteristic. 
When the preset invention is applied to fast disturbance 
recovery control, MVl = 100% is appropriate. 

The second phase switching unit 4 then 
5 calculates the deviation Er(n) between the set point 
SP(n) and the controlled variable PV(n) in the current 
control cycle n. 

Er(n) = SP(n) - PV(n) ...(3) 
In addition, the deviation index Ex for 

10 determination on phase switching is set in advance in 

the second phase switching unit 4. Assume that in step 
103 in Fig. 3, the value of the parameter F is set to F 
= 1, the set point SP(n) has not changed from the set 
point SP(n - 1), and the deviation Er(n} is smaller than 

15 the deviation index Ex. In this case, the second phase 
switching unit 4 determines that the current time point 
is the start time point t2 of a follow-up phase, sets 
the value of the parameter F to F = 2 (convergence 
phase), and outputs F = 2 to the first phase switching 

20 unit 3, third phase switching unit 5, and second 

manipulated variable determining unit 7 . That is , the 
second phase switching unit 4 performs the following 
processing. 

if F = 1 and SP(n) = SP(n - 1) and Er(n) < Ex then 
25 F ^ 2 • . • (4) 

The deviation index Ex may be adjusted by 
trial and error to shift from a follow-up phase to a 
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convergence phase at a proper timing, i.e., make the 
controlled variable PV recover to the set point SP with 
a desired follow-up characteristic (response waveform) . 
When the present invention is applied to fast 
5 disturbance recovery control, an overshoot tendency or 
temperature rise insufficiency tendency appears in two 
stages, as shown in Fig. 10. The deviation index Ex may 
be adjusted in consideration of the first stage such 
that when overshoot occurs, the deviation index Ex is 

10 set to a large value, whereas when temperature rise 

insufficiency occurs, the deviation index Ex is set to a 
small value. Since the deviation index Ex is a 
ntimerical value having an effect of forcibly and 
directly shaping the response waveform of disturbance 

15 recovery control, a proper value of the deviation index 
Ex can be easily obtained by trial and error. 

Upon receiving a notification of F = 1 or F = 

3 from the first phase switching unit 3 or third phase 
switching unit 5, the second phase switching unit 4 

20 changes the value of the pareimeter F output to the 

second manipulated variable determining unit 7 to the 

notified value, i.e., F=lorF=3. 

The manipulated variable MV2 in a convergence 

phase is set in advance in the second manipulated 
25 variable determining unit 7. If the value of the 

parameter F output from the second phase switching unit 

4 is F = 2, the second manipulated variable determining 
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unit 7 outputs the preset manipulated variable MV2 as 
the manipulated variable MV(n) (step 104 in Fig. 3; 
Fig. 9B) . That is, the second manipulated variable 
determining unit 7 performs the following processing. 
5 if F = 2 then MV{n) ^ MV2 --.(5) 

The manipulated variable MV2 may be adjusted 
by trial and error so as to make the controlled variable 
PV converge to the set point SP with a desired 
characteristic. When the present invention is applied 

10 to fast disturbance recovery control, an overshoot 
tendency or temperature rise insufficiency tendency 
appears in two stages, as shown in Fig. 11. The 
manipulated variable MV2 may be adjusted in 
consideration of the second stage such that when 

15 overshoot occurs, the manipulated variable MV2 is set to 
a small value, whereas when temperature rise 
insufficiency occurs, the manipulated variable MV2 is 
set to a large value. Since the manipulated variable 
MV2 is a numerical value having an effect of forcibly 

20 and directly shaping the response waveform of 

disturbance recovery control, a proper value of the 
manipulated variable MV2 can be easily obtained by trial 
and error. 

The time index Tc for determination on phase 
25 switching is set in advance in the third phase switching 
unit 5. Assume that in step 106 in Fig. 3, the value of 
the parameter F is F = 2, and an elapsed time tn from 
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the time point t2 set in F = 2 (convergence phase) is 
longer than the time index Tc. In this case, the third 
phase switching unit 5 determines that the current time 
point is the start time point t3 of a stable phase, sets 
5 the value of the parameter F to F = 3 (stable phase), 
and outputs F = 3 to the first phase switching unit 3, 
second phase switching unit 4, and third manipulated 
variable determining unit 8. That is, the third phase 
switching unit 5 performs the following processing. 

10 if F = 2 and tn > Tc then F ^ 3 (6) 

The time index Tc may be adjusted by trial and 
error so as to make the controlled variable PV converge 
to the set point SP with a desired characteristic. When 
the present invention is applied to fast disturbance 

15 recovery control, it is appropriate to set this index to 
a time about one to two times a process wasteful time Lp 
for the controlled system. Note that upon receiving a 
notification of F = 1 or F = 2 from the first phase 
switching unit 3 or second phase switching unit 4, the 

20 third phase switching unit 5 changes the value of the 
parameter F output to the third manipulated variable 
determining unit 8 to the notified value, i.e., F = 1 or 
F = 2. 

If the value of the parameter F output from 
25 the third phase switching unit 5 is F = 3, the third 

manipulated variable determining unit 8 outputs as the 
manipulated variable MV(n) a manipulated variable MVd(n) 
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calculated by a PID control algorithm that attaches 
importance to the stability of control (step 107 in 
Fig. 3; Fig. 9B) . That is, the third manipulated 
variable determining unit 8 performs the following 
5 processing. 

if F = 3 then MV{n) ^ MVd(n) ...(7) 
In this case, the PID control algorithm that 
attaches importance to the stability of control is 
expressed by a transfer function using Laplace operators 
10 as follows: 

MVd(n) = Kg3{l + (1/Ti3s) + Td3s}{SP(n) - PV(n)} 

...(8) 

In equation (8), Kg3 is a proportional gain, 
Ti3 is an integral time, and Td3 is a derivative time. 

15 Note that the manner of setting the parameters Kg3, Ti3, 
and Td3 for the attachment of importance to stability is 
known, and hence a description thereof will be omitted. 

As described above, according to this 
embodiment, the response process of disturbance recovery 

20 control is divided into three stages, namely a follow-up 
phase, convergence phase, and stable phase, and the 
respective phases are switched such that a disturbance 
application detection time point is regarded as the 
start time point of a follow-up phase, a specific 

25 disturbance recovery control elapsed time point at which 
the controlled variable does not exceed the set point in 
the follow-up phase is regarded as the start time point 



- 32 - 



of a convergence phase, and a time point at which a 
preset state is reached in the convergence phase is 
regarded as the start time point of a stable phase. In 
the follow-up phase, a manipulated variable which makes 
5 the controlled variable follow up the set point is 
output . In the convergence phase , a manipulated 
variable which makes the controlled variable converge 
near the set point is output. In the stable phase, a 
manipulated variable which makes the controlled variable 

10 stable at the set point is output. Since the control 
characteristics for a follow-up phase, convergence 
phase, and stable phase can be adjusted independently, 
parameters can be easily adjusted in accordance with an 
actual target. The response waveform of disturbance 

15 recovery control can be forcibly and directly shaped by 
adjusting the switching time point from a follow-up 
phase to a convergence phase and adjusting the 
manipulated variable in the convergence phase, in 
particular. Even if, therefore, a system with strong 

20 nonlinearity is a controlled system, appropriate 
disturbance recovery control can be realized. In 
addition, in this embodiment, even if the number of 
times of control computation is insufficient according 
to an advanced adaptive control theory such as simple 

25 adaptive control (SAC), appropriate control can be 
realized even in the case of, for excimple, fast 
disturbance recovery control. 
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[Second Embodiment] 

The second embodiment of the present Invention 
will be described next. This embodiment shows another 
example In which the present Invention Is applied to 
5 fast disturbance recovery control. In this embodiment, 
the arrangement of a feedback control device and the 
flow of processing are the same as those shown In 
Figs. 2 and 3, and hence will be described by using 
reference numerals In Figs. 2 and 3. Figs. 12A and 12B 

10 are waveform charts showing the operation of the 

feedback control device according to this embodiment. 
Fig. 12A Is a chart showing changes In controlled 
variable PV. Fig. 12B Is a chart showing changes In 
manipulated variable MV. The symbol "O" In Fig. 12B 

15 Indicates the manipulated variable MV output In each 
control cycle dt. 

In this embodiment, assume that a switching 
time point (disturbance application detection time 
point) tl from a stable phase to a follow-up phase is a 

20 time point at which a deviation Er between a set point 
SP and a controlled variable PV becomes larger than a 
preset deviation index Es in a state wherein the 
controlled variable PV is stable near the set point SP 
(the state of a stable phase). 

25 Assume also that a switching time point 

(specific disturbance recovery control elapsed time 
point) t2 from a follow-up phase to a convergence phase 
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is a time point at which a predicted value Tr = Er/APV 
of the remaining time for attainment calculated on the 
basis of the deviation Er between the set point SP and 
the controlled variable PV and a change ratio APV of 
5 the controlled variable PV becomes smaller than a preset 
time index Tx. Assume further that a switching time 
point (a time point at which a pre-designated state is 
reached) t3 from a convergence phase to a stable phase 
is a time point at which a preset time index Tc has 
10 elapsed. 

In this embodiment, the step of determining 
the manipulated variable MV in a follow-up phase is the 
step of processing a preset manipulated variable MVl 
through a time delay filter and continuously outputting 

15 a resultant value MVf . The step of determining the 

manipulated variable MV in a convergence phase is the 
step of continuously outputting a preset manipulated 
variable MV2. The step of determining the manipulated 
variable MV in a stable phase is the step of 

20 continuously outputting a manipulated variable MVd 
calculated by a PID control algorithm that attaches 
importance to the stability of control. 

The operation of a first phase switching unit 
3 is the same as that in the first embodiment. The 

25 manipulated variable MVl and a primary delay filter time 
constant Tf in a follow-up phase are set in advance in a 
first manipulated variable determining unit 6. If the 
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value of a parameter F output from the first phase 
switching unit 3 is F = 1, the first manipulated 
variable determining unit 6 processes the preset value 
MVl through a primary delay filter, and outputs a 
5 resultant value MVf(n) as manipulated variable MV(n) 
(step 102 in Fig. 3; Fig. 12B). That is, the first 
manipulated variable determining unit 6 performs the 
following processing. 

if F = 1 then MV(n) ^ MVf(n) ...(9) 

10 In this case, an arithmetic expression of 

primary delay filter processing is expressed by a 
transfer function using Laplace operators as follows: 

MVf(n) = {1/(1 + Tfs)}MVl ...(10) 
The first manipulated variable determining 

15 unit 6 calculates the value MVf after primary delay 
filter processing according to expression (9). 

The manipulated variable MVl may be set to 
make the controlled variable PV follow up the set point 
SP with a desired follow-up characteristic. When the 

20 present invention is applied to fast disturbance 
recovery control, MVl = 100% is appropriate. The 
primary delay filter time constant Tf may be arbitrarily 
set such that the disturbance recovery speed at which 
the controlled variable PV recovers to the set point SP 

25 after the application of a disturbance is set to a 

desired speed. When the present invention is applied to 
fast disturbance recovery control, an adjustment can be 
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made to decrease the temperature rise rate by increasing 
the primary delay filter time constant Tf . 

A second phase switching unit 4 then 
calculates a deviation Er(n) between a set point SP(n) 
5 and a controlled variable PV(n) in a current control 
cycle n according to equation (3). The second phase 
switching unit 4 also calculates a predicted value Tr(n) 
of the remaining time until the controlled variable PV 
reaches the set point SP in the current control cycle as 
10 follows: 

Tr(n) = Er(n)/APV 

= Er{n)dt/{Pv(n) - PV{n - 1)} ...(11) 
In equation (11), dt is a control cycle, and 
PV(n - 1) is a controlled variable in an immediately 
15 preceding control cycle. 

The time index Tx for determination on phase 
switching is set in advance in the second phase 
switching unit 4. Assume that in step 103 in Fig. 3, 
the value of the parameter F is F = 1, the set point 
20 SP(n) has not changed from a set point SP(n - 1), and a 
predicted value Tr(n) of the remaining time for 
attainment is smaller than the time index Tx. In this 
case, the second phase switching unit 4 sets the value 
of the parameter F to F = 2 (convergence phase), and 
25 outputs F = 2 to the first phase switching unit 3, a 

third phase switching unit 5, and a second manipulated 
variable determining unit 7. That is, the second phase 
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switching unit 4 performs the following processing. 

if F = 1 and SP(n) = SP(n - 1) and Tr(n) < Tx then 
F ^ 2 . . . (12) 

The time index Tx may be adjusted by trail and 
5 error to shift from a follow-up phase to a convergence 
phase at a proper timing, i.e., make the controlled 
variable PV recover to the set point SP with a desired 
follow-up characteristic. When the present invention is 
applied to fast disturbance recovery control, an 
10 overshoot tendency or temperature rise insufficiency 
tendency appears in two stages, as shown in Fig. 10. 
The time index Tx may be adjusted in consideration of 
the first stage such that when overshoot occurs, the 
time index Tx is corrected into a large value, whereas 
15 when temperature rise insufficiency occurs, the time 
index Tx is corrected into a small value. Since the 
time index Tx is a numerical value having an effect of 
forcibly and directly shaping the response waveform of 
disturbance recovery control, a proper value of the time 
20 index Tx can be easily obtained by trial and error. 

The operations of second manipulated variable 
determining unit 7, third phase switching unit 5, and 
third manipulated variable determining unit 8 are the 
same as those in the first embodiment. 
25 [Third Embodiment] 

The third embodiment of the present invention 
will be described next. This embodiment shows another 
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example in which the present invention is applied to 
fast disturbance recovery control. In this embodiment, 
the arrangement of a feedback control device and the 
flow of processing are the same as those shown in 
5 Figs. 2 and 3, and hence will be described by using 

reference numerals in Figs. 2 and 3. Figs. 13A and 13B 
are waveform charts showing the operation of a feedback 
control device according to this embodiment. Fig. 13A 
is a chart showing changes in controlled variable PV. 

10 Fig. 13B is a chart showing changes in manipulated 

variable MV. The symbol "O" in Fig. 13B indicates the 
manipulated variable MV output in each control cycle dt. 

In this embodiment, assume that a switching 
time point (disturbance application detection time 

15 point) tl from a stable phase to a follow-up phase is a 
time point at which a phase switching signal is input 
from an external device which notifies the application 
of a disturbance. In the field of process control, the 
application of a disturbance can sometimes be detected 

20 before the controlled variable PV actually changes. 
Before a change in controlled variable PV appears, 
therefore, a phase switching signal can also be input in 
a feedforward manner. 

Assume that a switching time point (specific 

25 disturbance recovery control elapsed time point) t2 from 
a follow-up phase to a convergence phase is a time point 
at which a predicted value Tr = Er/APV of the remaining 
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time for attainment calculated on the basis of a 
deviation Er between a set point SP and the controlled 
variable PV and a change ratio Apv of the controlled 
variable PV becomes smaller than a preset time index Tx. 
5 Assume further that a switching time point (a time point 
at which a pre -designated state is reached) t3 from a 
convergence phase to a stable phase is a time point at 
which a preset time index Tc has elapsed. 

In this embodiment, the step of determining 

10 the manipulated variable MV in a follow-up phase is the 
step of continuously outputtlng a manipulated variable 
MVc calculated by a PID control (including P, PD, and PI 
control) algorithm that attaches importance to quick 
control response. Assume also that the step of 

15 determining the manipulated variable MV in a convergence 
phase is the step of continuously outputtlng a preset 
manipulated variable MV2 , and the step of determining 
the manipulated variable MV in a stable phase is the 
step of continuously outputtlng a manipulated variable 

20 MVd calculated by a PID control algorithm that attaches 
importance to the stability of control. 

When a phase switching signal Sf is externally 
input in step 101 or 105 in Fig. 3, a first phase 
switching unit 3 determines that the current time point 

25 is the start time point tl of a follow-up phase, sets 
the value of a parameter F Indicating a phase to F = 1 
(follow-up phase), and outputs F = 1 to a second phase 
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switching unit 4, third phase switching unit 5, and 
first manipulated variable determining unit 6. That is, 
the first phase switching unit 3 performs the following 
processing. 

5 if Sf is input then F ^ 1 ...(13) 

If the value of the parameter F output from 
the first phase switching unit 3 is F = 1, the first 
manipulated variable determining unit 6 outputs a 
manipulated variable MVc(n) calculated by a PID control 
10 algorithm that attaches importance to quick control 
response as manipulated variable MV(n) (step 102 in 
Fig. 3; Fig. 13B) . That is, the first manipulated 
variable determining unit 6 performs the following 
processing. 

15 if F = 1 then MV(n) ^ MVc(n) ...(14) 

In this case, the PID control algorithm that 
attaches importance to the stability of control is 
expressed by a transfer function using Laplace operators 
as follows: 

20 MVc(n) = Kgl{l + (1/Tils) + Tdls}{SP(n) - PV(n)} 

... (15) 

In equation (15), Kgl is a proportional gain. 
Til is an integral time, and Tdl is a derivative time. 
Note that the manner of setting the parameters Kgl, Til, 
25 and Tdl for the attachment of importance to quick 

response is known, and hence a description thereof will 
be omitted. 



- 41 - 



The operation of the second phase switching 
unit 4 is the same as that in the second embodiment. 
The operations of a second manipulated variable 
determining unit 7, the third phase switching unit 5, 
5 and a third manipulated variable determining unit 8 are 
the same as those in the first embodiment. 

Obviously, the present invention is not 
limited to each embodiment described above, and each 
embodiment can be changed as needed within the technical 

10 category of the invention. For example, as described 

above in the first embodiment, there are two methods of 
determining whether or not to switch from a stable phase 
to a convergence phase, there are two methods of 
determining whether or not to switch from a follow-up 

15 phase to a convergence phase, there is one method of 

determining whether or not to switch from a convergence 
phase to a stable phase, there are three steps of 
determining a manipulated variable for a follow-up 
phase, there is one step of determining a manipulated 

20 variable for a convergence phase, and there is one step 
of determining a manipulated variable for a stable 
phase. Therefore, the maximum number of combinations of 
the respective determination methods and the respective 
manipulated variable determination steps is 2 x 2 x 1 x 

25 3x1x1, i.e., 12, and any one of the combinations can 
be used. 

According to the third sequence (the third 
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embodiment) of the manipulated variable determination 
steps In a follow-up phase, the first manipulated 
variable determining unit 6 continuously outputs the 
manipulated variable MVc calculated by the PID control 
5 algorithm that attaches Importance to quick response 

control. However, the present Invention Is not limited 
to this. For example, control with Importance being 
attached to quick response by using another control 
algorithm such as IMC (Internal Model Control) may be 
10 performed. 

Likewise, in a stable phase, the third 
manipulated variable determining unit 8 continuously 
outputs the manipulated variable MVd calculated by the 
PID control algorithm with Importance being attached to 

15 the stability of control. However, the present 

invention is not limited to this, and control with 
importance being attached to stability may be performed 
by using another control algorithm. 
Industrial Applicability 

20 As has been described above, the feedback 

control method and feedback control device according to 
the present invention are suitable for process control, 
and more particularly, for process control aimed at a 
system with strong nonlinearity as a controlled system. 
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